Detrital Carbonates in a Sequence Stratigraphic Framework: An example from the Furongian Slope Environment in the Hot Creek Range of Central Nevada by Taufani, Leon
UNLV Theses, Dissertations, Professional Papers, and Capstones
12-1-2012
Detrital Carbonates in a Sequence Stratigraphic
Framework: An example from the Furongian Slope
Environment in the Hot Creek Range of Central
Nevada
Leon Taufani
University of Nevada, Las Vegas, leontaufani@yahoo.com
Follow this and additional works at: http://digitalscholarship.unlv.edu/thesesdissertations
Part of the Geology Commons, Sedimentology Commons, and the Stratigraphy Commons
This Thesis is brought to you for free and open access by Digital Scholarship@UNLV. It has been accepted for inclusion in UNLV Theses, Dissertations,
Professional Papers, and Capstones by an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.
Repository Citation
Taufani, Leon, "Detrital Carbonates in a Sequence Stratigraphic Framework: An example from the Furongian Slope Environment in
the Hot Creek Range of Central Nevada" (2012). UNLV Theses, Dissertations, Professional Papers, and Capstones. 1781.
http://digitalscholarship.unlv.edu/thesesdissertations/1781
 
DETRITAL CARBONATES IN A SEQUENCE STRATIGRAPHIC FRAMEWORK: 
AN EXAMPLE FROM THE FURONGIAN SLOPE ENVIRONMENT IN THE HOT 








Bachelor of Science in Geology 







A thesis submitted in partial fulfillment   
of the requirements for the 
 
 




Department of Geoscience 
College of Science 





























Copyright of Leon Taufani, 2013 















THE GRADUATE COLLEGE 
 
 
We recommend the thesis prepared under our supervision by 
 





Detrital Carbonates in a Sequence Stratigraphic Framework: An Example from the 
Furongian Slope Environment in the Hot Creek Range of Central Nevada  
 
 
be accepted in partial fulfillment of the requirements for the degree of 
 
Master of Science in Geoscience 
Department of Geoscience 
 
Ganqing Jiang, Ph.D., Committee Chair 
 
Stephen Rowland, Ph.D., Committee Member 
 
Andrew Hanson, Ph.D., Committee Member 
 
Aly Said, Ph.D., Graduate College Representative 
 
Tom Piechota, Ph.D., Interim Vice President for Research &  







Detrital Carbonates in a Sequence Stratigraphic Framework: An example from the 






Dr. Ganqing Jiang, Examination Committee Chair 
Associate Professor of Geology 
University of Nevada, Las Vegas 
  
 
An integrated sedimentological study of detrital carbonates of the late Cambrian 
(Furongian) Hales Limestone in central Nevada was conducted in order to model facies 
distribution and controlling mechanisms of carbonate gravity-flow deposits. Seven 
closely-spaced sections and numerous traceable short sections were measured to 
investigate temporal and spatial changes of detrital carbonates within a high-resolution 
stratigraphic framework supported by biostratigraphic and carbon isotope 
chemostratigraphic constraints and by key physical surfaces. Polished slabs and thin 
section petrographic analysis were used to identify micro- and macro-scale textures and 
diagenesis. 
Ten lithofacies are identified from the Hales Limestone. Lateral tracing of these 
facies reveals considerable facies variations within a distance of ~1 kilometer. Such 
lateral facies variations suggest their deposition in submarine fan systems where localized 
distributary channels were well developed. Progradation-retrogradation of the carbonate 
platform is recorded by the abundance of carbonate debris-flow deposits and by 
thickening- and coarsening-upward trend in background carbonate beds. 
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Thick intervals of debris-flow deposits contain both platform- and slope-derived 
carbonate clasts. They were most likely deposited during progradation and exposure of 
the shelf margin. Sequence and biostratigraphic correlation across the platform-to-basin 
transect indicates that the major debris-flow breccia units of the Hales Limestone matches 
well with the relative sea-level fall events recorded in shelf successions. This suggests 
that the detrital carbonate deposits in slope-basinal environments of the Furongian-early 
Ordovician platform were mainly controlled by relative sea-level changes. This 


















 Hereby I would like to express my gratitude to those who have been such a great 
helps and supports, keep me focused, and finally able to finish the school assignment this 
year. Firstly, I am truly indebted to my advisor, the Chinese gentleman, Dr. Ganqing 
Jiang, who introduced and assisted me to the real sedimentological and stratigraphic work 
in the field / laboratory, with many endless days and nights of criticisms, pushing me to 
the maximum limits. I am also honored for having my committee members, Dr. Andrew 
D. Hanson, Dr. Stephen M. Rowland, and Dr. Aly Said, for their invaluable and 
constructive comments on my research progress. 
 I would like to thank Dr. Matthew R. Saltzman from Ohio State University, for 
such insightful isotopic discussions over both email and phone. Special thanks goes to all 
Geoscience Department staffs who gave such a tremendous helps in administrative works 
and fellow graduate students for sharing the happiness together. I am thankful for the 
carbonate mafia research group, Dev Maharjan, who accompanied me during the 
fieldwork, Swapan Sahoo for our debates and fights, and to Angel Ventrelli, Andrew 
Miller, Suzy Williams, thank you for the quality time in both classes and fields. High 
appreciation goes to both ExxonMobil Oil Indonesia and Institute of International 
Education, for the assistance and full supports during the completion of my study.   
 Finally I am grateful to have the ultimate trust and unconditional loyalty from my 
beloved wife, parents, and family through all the highs and lows, bearing the entire 
burden with patience, love, and courage, made it happened to this end. Thanks to 
Indonesian community of Las Vegas for the precious moments that we had, made me feel 
like home and enjoyed my memorable life more than I could ever ask. 
! #"!
TABLE OF CONTENT 
ABSTRACT  …………………………………...……………………………………. iii 
ACKNOWLEDGEMENTS  ……………………………………………………….... v 
LIST OF TABLES  ………………………………………………………………….. viii 
LIST OF FIGURES  .................................................................................................... ix 
CHAPTER 1 INTRODUCTION ................................................................................. 1 
CHAPTER 2 GEOLOGICAL FRAMEWORK  ......................................................... 4 
CHAPTER 3 METHODS  ........................................................................................... 7 
 3.1 Stratigraphic sections and sampling  ........................................................ 7 
 3.2 Carbonate carbon (!13Ccarb) and oxygen (!18O) isotope analysis  ............ 7 
CHAPTER 4 FACIES AND DEPOSITIONAL ENVIRONMENT  .......................... 9 
 4.1 Breccias and their lateral variations  ........................................................ 10 
 4.2 Slumps, slide blocks, and megabreccias  ................................................. 12 
 4.3 Calciturbidites  ......................................................................................... 14 
 4.4 Calcarenites  ............................................................................................. 15 
 4.5 Pelagic and hemipelagic background deposits  ........................................ 17 
 4.6 Sequence stratigraphic interpretation  ...................................................... 18 
CHAPTER 5 DISCUSSION  ....................................................................................... 20 
 5.1 Sequence stratigraphy and detrital carbonates  ........................................ 20 
 5.2 Detrital carbonate deposits and sea-level history  .................................... 22 
 5.3 Furongian glacio-eustasy and detrital carbonate deposits  ....................... 23 
 5.4. Diagenetic history  .................................................................................. 26 
CHAPTER 6 CONCLUSION  .................................................................................... 27 
! #""!
APPENDIX A TABLES  ............................................................................................ 29 
APPENDIX B FIGURES  ........................................................................................... 32 
APPENDIX C THIN SECTION DATABASE  .......................................................... 64 
APPENDIX D CARBON AND OXYGEN ISOTOPE DATABASE  ........................ 66 
BIBLIOGRAPHY  ....................................................................................................... 72 





















LIST OF TABLES 
 
Table 1.  Summary of lithofacies of the Hales Limestone and their 












































LIST OF FIGURES 
 
Figure 1.  Vertical stacking patterns of detrital carbonates in a sequence 
stratigraphic framework  ......................................................................... 33  
Figure 2.  Furongian (late Cambrian) paleogeographic map of Laurentia  
................................................................................................................. 34  
Figure 3.  Generalized shelf-to-basin cross section of the late Cambrian - early 
Ordovician carbonate platform from western Utah to central Nevada  
................................................................................................................. 35 
Figure 4.  Location of the study area  ..................................................................... 36 
Figure 5.  Topographic and geologic map of the Tybo Canyon, Hot Creek Range, 
central Nevada  ....................................................................................... 37 
Figure 6.  Field photograph of the Dunderberg Formation and Hales Limestone 
in Tybo Canyon, Hot Creek Range, central Nevada  ............................. 38 
Figure 7.  Furongian to early Ordovician stratigraphic units and biostratigraphy 
in central Nevada  ................................................................................... 39 
Figure 8.  Measured stratigraphic sections (TY-1 to TY-7) of the Hales 
Limestone in Tybo Canyon  ................................................................... 40 
Figure 9.  Interpretation of facies and vertical stacking patterns of the lower 
Hales Limestone in Tybo Canyon, Hot Creek Range of central Nevada  
…………………………………………………………………………. 41 
Figure 10.  Generalized depositional model and lithofacies distribution in slope to 
basin environment of Furongian Hales Limestone  ................................ 42 
Figure 11.  Field, slab, and petrographic photographs of clast-supported breccia 
facies  ...................................................................................................... 43 
Figure 12.  Field, slab, and petrographic photographs of mud-supported breccia 
facies  ...................................................................................................... 44 
Figure 13.  Lateral facies variation of carbonate breccia unit 1 (CB-1)  .................. 45  
Figure 14.  Lateral tracing carbonate breccia unit 2 (CB-2)  .................................... 45 
Figure 15. Field photo of carbonate breccia unit 2 (CB-2) interbedded with 
calcarenite and calcisiltite  ...................................................................... 46 
Figure 16.  Field photo showing interbedded carbonate breccia unit 4 (CB-4) and 
calcarenite and calcisiltite  ...................................................................... 47 
Figure 17.  Lateral facies variation of mud-supported carbonate breccia unit 5 
(CB-5)  .................................................................................................... 47 
Figure 18.  Field photographs of slumps and slide blocks  ....................................... 48 
Figure 19.  Field photographs of megabreccias  ....................................................... 49  
Figure 20.  Photomosaic and interpretation of slumps observed in the upper part of 
the Hales Limestone  .............................................................................. 50 
Figure 21. Field, slab, and petrographic photographs of calciturbidites  ................. 51 
Figure 22. Additional examples of calciturbidites with incomplete Bouma 
sequence  ................................................................................................. 52 
Figure 23. Field and thin section photographs of calcarenite facies  ....................... 53 
Figure 24.  Field and thin section photographs of calcareous shale and lime 
mudstone  ................................................................................................ 54 
! $!
Figure 25.  Field and thin section photographs of calcisiltite and calcareous shale  
…………………………………………………………………………. 55 
Figure 26. Sequence stratigraphic interpretation of detrital carbonates from the 
Hales Limestone  .................................................................................... 56 
Figure 27. Distribution of conodonts and trilobites in Tybo Canyon of the Hot 
Creek Range, central Nevada  ................................................................ 58 
Figure 28.  Conodont biostratigraphic correlation of the Hales Limestone with the 
platform section in Egan Range, central Nevada  .................................. 59 
Figure 29. Conodont biostratigraphic correlation between the Hales Limestone 
and the Furongian-early Ordovician succession in western Utah  
................................................................................................................. 60 
Figure 30.  Carbon and oxygen isotope profiles from the Hales Limestone and 
carbon isotope chemostratigraphic correlation with the shallow water 
succession in the Egan Range, central Nevada  ...................................... 61 
Figure 31. Thin section photomicrographs showing examples of diagenetic 






























Detrital carbonates form one of the most important types of petroleum reservoirs 
in the sedimentary record (Cook and Mullins, 1983; Mullins and Cook, 1986; Coniglio 
and Dix, 1992; Loucks et al., 2011). Their importance recently became more widely 
recognized when deep-sea exploration became possible and productive. However, our 
understanding of these strata is based on subsurface data and drill cores recovered during 
exploration in deep-water environments. Detailed documentation of detrital carbonates at 
outcrop scales becomes increasingly important for understanding their temporal and 
spatial distributions within depositional sequences. 
Relative sea-level changes were traditionally considered as the major control for 
the development of detrital carbonates in slope-to-basin environments (Kendall and 
Schlager, 1981; Haq et al., 1988; Loucks and Sarg, 1993; Tucker et al., 1993). During 
relative sea-level fall, shallow-water carbonate platforms shoal or emerge, shedding off 
and/or transporting carbonate particles towards the basin and depositing detrital 
carbonates at the slope-to-basin transition. Thus, in a sequence stratigraphic framework, 
detrital carbonates were thought to be mostly concentrated in the lowstand systems tract 
(LST) and they are correlatable with subaerial exposure and/or erosional surfaces 
(sequence boundaries) in shallow-water platform successions (Sarg, 1988). 
Some outcrop examples, however, demonstrated the complexity of detrital 
carbonate deposition. Eberli (1991) pointed out that deep-water carbonate deposits 
contain less cyclicity than their shallow-water counterparts. In this case deep-water 
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carbonate sequences commonly show a general thickening- and coarsening-upward trend 
recording prograding sequences in shallow-water platforms (Fig. 1). Regarding the 
correlation of shallow- and deep-water carbonate sequences, Hunt and Tucker (1992) 
reported that in the inner shelf, a sequence boundary may represent the time from late 
highstand (HST) through transgressive systems tracts (TST), whereas in the slope setting, 
it should occur beneath the coarse-grained sediments that record the first phase of relative 
sea-level fall. Cronin et al. (2000) and Payros et al. (2007) further pointed out that 
repetitive occurrence of detrital carbonates in slope sequences may record multiple 
episodes of sea-level events that in combination reflecting the longer-term sea-level 
cycles, but a one-to-one correlation between shallow- and deep-water sequences may be 
difficult. 
These complexities led some researchers to question the sea-level control on 
deep-water detrital carbonates. For example, Saller et al. (1989) postulated that carbonate 
growth plays a more significant role in controlling slope instability and gravity flow 
deposits during sea-level highstand. Borgomano (2000) showed that fault activity in 
extensional basins was more important than sea level in controlling the formation of 
subaqueous fans and deposition of intensive detrital carbonate units. Goldstein et al. 
(2012) demonstrated that detrital carbonate deposits in slope-basinal environments were 
largely controlled by the paleotopography of the basins. Thick, focused-flow deposits 
with high coarse-to-fine facies ratios occur in margin-parallel paleovalleys; while sheet-
like, dispersed-flow deposits with low coarse-to-fine facies ratios dominate the smoothed 
slope environments away from paleovalleys. These examples imply that the occurrence 
of detrital carbonates in slope-basinal environments may be more randomly controlled by 
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pulses of tectonic activity, slope instability, and seismic events (e.g., Drzewiecki and 
Simo, 2002). In such circumstances, detrital carbonates in deep-water environments are 
not necessarily correlatable with sequence boundaries in shelf successions. 
In order to better understand the spatial and temporal distributions of detrital 
carbonates and their potential relationship with sea-level change, my thesis research 
focuses on a detailed documentation of the well-exposed late Cambrian–early Ordovician 
Hales Limestone in the Hot Creek Range, central Nevada (Figs. 2-5). The Hales 
Limestone consists of fine-grained lime mudstone with abundant turbidites and carbonate 
breccias indicative of deposition in a slope-to-basin environment (Cook and Taylor, 
1977; Cook et al., 1989). The excellent exposure and available biostratigraphic data of 
this unit provide an opportunity to investigate the potential driving mechanisms of detrital 
carbonate deposits by comparing the deep-water sequences/cycles with those from the 
shallow-water platform (Taylor et al., 1989; Miller et al., 2003; Zeiza, 2010). In addition, 
this study aims for a better understanding of the depositional processes of deep-water 
detrital carbonates in general. Based on high-resolution facies analyses and lateral tracing 
of detrital carbonate units, my thesis study also attempts to evaluate the potential and 











The late Cambrian (Furongian) carbonate platform (Figs. 2 and 3) is interpreted as 
a passive continental margin that developed atop the rifted margin of the proto-Pacific 
ocean before ca. 550 Ma (Stewart and Suczek, 1977; Armin and Mayer, 1983; Cook, 
1988; Levy and Christie-Blick, 1991; Dickinson, 2006). Rifting and thermal subsidence 
associated with the breakup of the supercontinent Rodinia created accommodation for the 
deposition of a thick, siliciclastic-dominated late Neoproterozoic–early Cambrian 
succession. By the middle Cambrian (Cambrian Series 3), a northwest-facing carbonate 
platform had developed along the western margin of the United States and Canada (Cook, 
1988; Poole et al., 1992). 
The Furongian (late Cambrian) carbonate platform in the Great Basin was 
previously categorized as a distally steepened carbonate ramp (Cook et al., 1983), with 
the slope-to-basin transition close to the Hot Creek Range and the platform margin near 
the Egan Range in central Nevada (Cook and Taylor, 1975, 1991). However, the presence 
of shallow-water, stromatolite-rich facies of the Whipple Cave Formation near the 
platform margin in Egan Range (Cook and Taylor, 1975; Taylor et al., 1989; Zeiza, 2010) 
seems to favor a rimmed carbonate shelf, with a stromatolite-rich shoal complex serving 
as the shelf-margin barrier for at least some periods of the late Cambrian–early 
Ordovician (Fig. 3).  
The study area in the Tybo Canyon, Hot Creek Range is about 60 kilometers east 
of Tonopah (Fig. 4). The outcrop exposure of the late Cambrian–early Ordovician strata 
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in the area includes deep-water carbonate and shale deposits of the Swarbrick Formation, 
Dunderberg Formation (or Tybo Shale of some workers) and the Hales Limestone (Cook 
et al., 1989; Fig. 5). For the Swarbrick Formation, only the topmost portion is exposed, 
and for the Dunderberg Formation, strong surface weathering and deformation prevents a 
detailed sedimentological study. Therefore, this study focused on the well-exposed Hales 
Limestone (Figs. 5 and 6).  
In Tybo Canyon, the Hales Limestone is up to 500 m thick (Cook and Taylor, 
1977; Cook et al., 1989; Cook and Corboy, 2004). The depositional sequence of this unit 
(Fig. 7) was divided into three parts (Cook and Mullins, 1983; Cook et al., 1989): (1) the 
lower portion that was deposited in basinal environments as part of a distal submarine fan 
system; this portion is dominated by thin- to medium-bedded calcarenite showing a 
thickening-upward trend expressed by an increase of mass and turbidity flow deposits; 
(2) the middle portion representative of the lower slope deposits; this portion is 
characterized by an abundance of channelized debris-flow conglomerates and turbidites; 
and (3) the upper portion that consists of pelagic lime mudstone and calcarenite, with 
frequent occurrence of slumps, slide blocks, and breccias typical of middle-lower slope 
deposits. 
The Hales Limestone has been correlated to the platform strata (the Whipple Cave 
Formation and the House Limestone) using conodont and trilobite biostratigraphy (Cook 
and Taylor, 1977; Cook et al., 1989; Taylor et al., 1989; Miller et al., 2003). The studied 
interval contains four trilobite biozones (Fig. 7; Taylor, 1976), including Elvinia, 
Hedinaspis, Saukia, and Missisquoia, which correspond to the upper Pterochepaliid, 
Ptychaspid, and lower Symphisurinid biomeres. Two types of trilobite assemblages were 
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identified by Taylor (1976).  The in situ basinal assemblage contains intact exoskeletons 
that are poorly sorted and well-preserved, with no sign of abrasion. This assemblage is 
commonly observed in lime mudstone, packstone, and shaly partings within limestone-
dominated facies. The allochthonous assemblage consists of broken, disarticulated, and 
abraded fossil debris that are mostly found in the matrix of carbonate breccias or in 
medium- to thick-bedded packstone and grainstone layers. The allochthonous trilobite 
assemblages of the Hales Limestone contain typical Hungaia fauna within the Hedinaspis 
Local Range Zone (LRZ), including Richardsonella, Bienvillia, Idiomesus, cf. Saratogia, 
Eurekia, and a few others. These taxa have been transported into the basin from the upper 
slope and shallow-water environments in eastern Nevada (Taylor, 1976; Taylor and 

















3.1 Stratigraphic sections and sampling 
Seven closely spaced sections in Tybo Canyon of the Hot Creek Range were 
studied to document the detrital carbonates of the Hales Limestone (Figs. 8 and 9). The 
thickness of each section was measured bed-by-bed. Facies and their vertical stacking 
pattern are documented and correlated between sections. Lateral tracing of facies were 
conducted in available outcrops using the most obvious marker beds. This was the 
biggest challenge and major focus of the study. Numerous short sections between 
individual key sections were measured to track lithofacies changes over short distances. 
Large slabs were collected and polished to assist in facies description and 
interpretation. Forty petrographic thin sections were made in order to examine (1) the 
texture and constituents of representative facies; and (2) diagenetic features, such as 
secondary porosity and late stage diagenetic cements.  
 
3.2 Carbonate carbon (!13Ccarb) and oxygen (!18O) isotope analysis  
I used carbon isotope data, in combination with biostratigraphic data, to correlate 
the stratigraphic units in this study with those from shallow-water sections and other 
successions from across the globe. I used oxygen isotopes to evaluate the potential 
seawater temperature changes and their relationship with glacio-eustacy. One hundred 
and forty-nine samples were collected from one 170 m thick section (section TY-3 in 
Figs. 8 and 9). Carbonate powders were microdrilled from clean surfaces. Approximately 
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50 µg of carbonate powder were reacted with orthophosphoric acid, using a Kiel IV 
carbonate device connected to a Finnigan Delta V Plus mass spectrometer via dual-inlet. 
All isotopic values are reported in !-notation as per mil (‰) deviations from the Vienna 
Pee Dee Belemnite (VPDB) standard. Sample preparation and analyses were conducted 





















FACIES AND DEPOSITIONAL ENVIRONMENT 
 
The Hales Limestone in Tybo Canyon consists of 10 lithofacies that I defined on 
the basis of composition, grain size, and observed sedimentary structures (Table 1). Here 
I use the lithofacies names “calcisiltite” and “calcarenite’ to describe the silt- and sand-
grained carbonates, following the classification of Clark and Walker (1977). I also 
separate “calciturbidite” from “calcarenite”, with calciturbidite referring to the facies that 
have clear graded bed indicative of deposition from turbidity currents (cf., Reijmer et al., 
1991; Shanmugan, 1997; Payros et al., 2007).  
I traced and examined lateral facies variations in 7 major key sections (Fig. 8) and 
numerous short sections between the major ones. Five breccia-bearing intervals (CB-1~5 
in Figs. 8 and 9) were physically traced in the southern slope of the northern wall of Tybo 
Canyon (Fig. 6) to document their lateral facies variations. Lithofacies form coarsening- 
and fining-upward cycles that are laterally variable within a walkable distance (Fig. 9). In 
general, these facies were deposited in slope-basinal environments of the late Cambrian-
early Ordovician carbonate platform (Fig. 10; Cook and Corboy, 2004). The lower part of 
measured sections is characterized by facies from basin plain and submarine fan systems 
with distributary channels, while the upper part is dominated by slope facies with slumps, 





4.1 Breccias and their lateral variations 
Breccias are the most distinctive facies in the Hales Limestone. The internal 
texture distinguishes two types of breccias: clast-supported breccias and mud-supported 
breccias. Clast-supported breccias are less common and are mainly present in the lower 
part of the sections (CB-1 in Figs. 8 and 9) or as interbeds/lenses in mud-supported 
breccias. Clasts in this facies are poorly sorted, with sizes varying from < 1 cm up to 10 
cm in diameter (Fig. 11), but inter-clast space is filled mainly with calcarenite/calcisiltite 
or cements instead of carbonate mud (Fig. 11B and E). Clast imbrication (Fig. 11A) is 
observed in some clast-supported breccias and cross-stratified calcarenites are seen at the 
top of some thick breccia beds, indicating water current activities. Breccia layers 
commonly have erosional bases and their thickness varies laterally from < 50 cm to 1.5 m 
within hundreds of meters. 
Mud-supported breccia is the dominant breccia facies in the Hales Limestone. 
This facies commonly occurs in 0.2–1.5-m-thick massive beds, in erosional contact with 
underlying facies. Clasts in this facies are unsorted, with sizes varying from < 1 cm to > 5 
cm in diameter (Fig. 12). In comparison with the clast-supported breccias, the matrix of 
this facies contains a significant amount of carbonate mud, and the clast/matrix ratio is 
lower. The composition of clasts varies from calcarenite, calcisiltite, bioclasts, to micrite 
(Fig. 12) and is commonly different from the immediately underlying beds, suggesting a 
distal clast source. When this facies is present together with clast-supported breccias and 
calcarenite beds, it commonly cuts downward and truncates the later. 
 The lowermost breccia interval (CB-1, Fig. 8) of the Hales Limestone is mostly 
clast-supported and shows a thickness change from 30 cm to 3 m within a 500-m distance 
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(Fig. 13). This breccia shows an erosional contacts to an erosional contact with the 
underlying calcarenite and calcisiltite, which display an overall coarsening-upward trend 
(increase of calcarenite) towards the breccia (Fig. 9). The most laterally variable breccia 
units (CB-2, Fig. 8; Fig. 14) are the mud-supported breccias that contain the trilobite 
fossil Hedinaspis (Cook and Taylor, 1977). I interpret the base of this interval to be a 
sequence boundary that may be correlatable with an exposure surface in shallow-water 
platform sections of the Egan Range, Nevada (Cook and Taylor, 1977, Cook et al., 1989; 
Zeiza, 2010; and western Utah (Miller et al., 2003). Individual breccia beds vary from < 
50 cm up to 5 m thick. They pinch out laterally or become intercalated with calcisiltite 
and calcarenite (Fig. 14). The thicker breccia units contain internal erosional surfaces 
(Fig. 15).  
The other three breccia intervals that have been physically traced (CB-3, CB-4, 
and CB-5 in Figs. 8 and 9), and they show similar lateral variations. For example, the 10–
30 cm thick breccia beds in CB-4 pinch out in both directions within a hundred meter 
distance (Fig. 16). Breccias in CB-5 are highly variable and pinch out or are amalgamated 
within a distance of a few hundred meters (Fig. 17).  
The breccias in the Hales Limestone have been interpreted as debris-flow deposits 
in a submarine fan system (Cook and Taylor, 1975; 1977; Cook and Mullins, 1983; Cook 
and Corboy, 2004). More specifically, the high lateral variability of these breccias (Figs. 
13–17) suggests their deposition in distributary channels of a submarine fan system. Thin 
(< 0.5 m) and laterally variable breccia layers may have been deposited from the outer 
fan environment where channels become shallow and gradually disappear. Thick (> 1 m) 
breccia units were more likely deposited in middle-upper fan environments where deeper 
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and more confined distributary channels are present. Internal truncation of breccia beds 
(Fig. 15) indicates multiple debris flow events. The presence of clast-supported breccias, 
clast imbrication, and cross-bedded calcarenite atop some breccia layers suggest 
reworking of debris-flow sediments by bottom-water currents in distributary channels. 
The thickest breccia unit in the measured sections is about 15 m thick (Figs. 8 and 9). 
Although laterally variable in thickness, breccias are present in all sections. This suggests 
the development of only shallow channels in a ramp-like paleotopography (cf. Goldstein 
et al., 2012). Large paleovalleys, if they existed, may be located in places away from the 
study area. 
 
4.2 Slumps, slide blocks, and megabreccias 
Slumps, slide blocks, and megabreccias are the most distinctive features in the 
uppermost portion of the measured sections (Figs. 8 and 9). The presence of trilobite 
fossils including Plethopeltis cf. P. arbucklensis Stitt, Parabolinella cf. P. tumifrons 
Robison, and Ptychopleurites cf. P. bevifrons (Kobayashi) in this interval suggests an 
Early Ordovician age (Figs. 8 and 27; Cook et al., 1989).  
Slumps occur as strongly deformed and distorted sheets of 0.5–10 meter thick that 
abruptly rest on undeformed calcisiltite/lime mudstone. Meter-scale folds with sub-
vertical to sub-horizontal axes are common (Fig. 18). Superimposed on some of the 
meter-scale folds are small-scale folds (mm to cm in scale) whose fold axes verge 
towards the larger folds. Partial brecciation occurs at the base of the slumps, in fold cores, 
and along décollement surfaces. Laterally slumps die out along décollement surfaces or 
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change to megabreccias. Less commonly, isolated slide blocks are seen to ‘float’ on 
undeformed, laminated calcisiltite/lime mudstone. 
Megabreccias form massive intervals up to 20 m thick that do not show internal 
bedding (Fig. 19). Angular clasts are unsorted and some of them are up to 3 meters in 
diameter. The composition of some clasts is identical to lithologies of the underlying 
undeformed layers, but others, particularly large clasts, contain microbial laminae and 
oolitic grainstone interbeds indicative of derivation from a shallow-water platform 
margin. Laterally, megabreccias show a thickness change from 20 meters to less than 10 
meters in the available outcrops of the study area and to the west; they are seen to be 
transitional to large slump folds, the front of which have been partially brecciated (Fig. 
20).  
I interpret the slumps, slide blocks and megabreccias to be lower-middle slope 
deposits that may have originated on the platform margin and bypassed the upper slope. 
Slumps and slides are laterally transitional to megabreccias, suggesting that submarine 
slides and slumps grade downslope into slope-derived megabreccias. Megabreccias form 
channelized bodies with erosional basal surfaces; they may have accumulated in slope 
feeder channels (Cook and Mullins, 1983). Some large clasts and blocks in megabreccias 
are composed of shallow-water carbonates (microbial laminae and oolitic grainstone). 
Such clasts and blocks may represent rockfall deposits from the platform margin 






Calciturbidites are common throughout the Hales Limestone. They are present as 
5–30 cm thick beds in fine-grained background deposits (lime mudstone and calcisiltite) 
or closely associated with breccia-bearing intervals. The most distinguishable features of 
the calciturbidites are the graded bedding exhibited by grain size change of calcarenite 
and the basal erosional surfaces (Figs. 21 and 22). Complete Bouma sequence divisions 
Ta through Te (Bouma, 1962) are rarely observed; most calciturbidites show only the 
graded bedding part (Ta; Figs. 21A, 22A, 22B) or graded bedding (Ta) plus parallel and 
wavy laminated calcarenite/calcisiltite (Tb and Tc; Figs. 21B, D, E and 22C). Clast 
composition of the calciturbidites includes trilobite bioclasts, peloids, and calcispheres 
(Figs. 21 C and 22D), with a significant amount of micritic matrix that has been 
recrystallized to microcrystalline calcite.  
Calciturbidites are interpreted to have been deposited by turbidity currents that 
originated on the slope by seismicity and/or storm events (Bouma, 1962). The 
incompleteness of Bouma sequence divisions may reflect changes in the density of 
turbidity currents (Eberli, 1987) or attenuation of transportation energy when turbidity 
currents proceeded towards the lower slope and basin environments (Mulder and 
Alexander, 2001). In some amalgamated turbidites (e.g., Fig. 21E), the lack of the upper-







 Three types of calcarenites are found in the Hales Limestone and they are 
distinguishable from calciturbidites by the lack of graded bedding, which has been 
considered as the critical component of turbidity current deposits (Shanmugam, 1996, 
1997). These include massive, cross-bedded, and laminated calcarenite (Table 1; Fig. 23). 
Medium- to thick-bedded (0.1–1.0 m) massive calcarenites occur within fine-
grained calcisiltite/lime mudstone background deposits. They normally have an erosional 
contact with their underlying beds (e.g., Fig. 23A) and are laterally continuous within 
traceable outcrops of the study area. Calcarenites are moderate to poorly sorted, with 
particle sizes of fine- to coarse-grained (0.1-1 mm) sands that consist of peloids, 
bioclasts, and carbonate lithic fragments. Occasionally some (< 5%) outsized 
trilobite/brachiopod fragments are seen “floating” in the sandy matrix. The base of some 
massive calcarenite beds have thin (< 20 cm) lenticular breccias laterally linked to slide 
deformation, but such features most likely formed after deposition because there is no 
transitional relationship between the breccias and the calcarenite. 
Cross-bedded calcarenites appear as thin (3–10 cm) interbeds within calcisiltite or 
lime mudstone (Fig. 23C and E) or 5-15 cm thick beds at the top of clast-supported 
breccias (Fig. 23D). The thin interbeds within calcisiltite/lime mudstone are laterally 
continuous but show lenticular bedding. Millimeter-scale cross laminae intersect the 
bedding plane at high angles (e.g., Fig. 23E). Carbonate particles are fine- to medium-
grained (0.1-0.5 mm), moderate- to well-sorted peloids and bioclasts (Fig. 23F). In 
contrast, cross-bedded calcarenites associated with class-supported breccias have low-
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angle cross bedding. They are laterally discontinuous and disappear within tens to 
hundreds of meters when breccias thin and pinch out. 
Laminated calcarenites mostly occur as 5–15 cm thick, flat interbeds in 
calcisiltite/lime mudstone, but occasionally they are seen at the top of clast-supported 
breccias. Thin (< 1 cm) internal laminations (Fig. 23B) and the presence of shaly partings 
along some bedding planes distinguish them from massive calcarenites. The absence of 
graded bedding and sharp bases contact make them distinguishable from calciturbidites. 
Fine- to medium-grained (0.1-0.5 mm) particles are moderate- to well-sorted and are 
composed of mainly peloids and bioclasts.  
The massive calcarenites are interpreted as having been deposited by carbonate 
sandy debris flows in which sediments were supported by matrix strength, dispersive 
pressure and buoyant lift (Shanmugam, 1996; 1997). Debris flows do not necessarily 
have entrained turbulent clouds on top, therefore parallel- and cross-laminated beds that 
are common with turbidity currents may not be present in sandy debris flow deposits. 
Earlier workers (e.g., Lowe, 1982; McCave and Jones, 1988) invoked high-density 
turbidity currents for the deposition of massive sandy and mud beds in deep-water 
environments, but Shanmugam (1996; 1997) pointed out that sediments in high-density 
turbidity currents are supported by fluidal turbulence and cannot be used to account for 
the non-turbulent, laminar debris flows. Cross-bedded calcarenites within calcisiltite/lime 
mudstone were interpreted as contourites produced by thermohaline-induced deep-water 
bottom currents (Cook and Mullins, 1983) and I concur with this interpretation. Laterally 
discontinuous calcarenites at the top of some clast-supported breccias are likely formed 
by bottom currents in distributary channels. The origin of laminated calcarenites is less 
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clear. They could be formed by turbidity currents in which sediments were well-sorted 
and thus the graded part of the Bouma sequence is missing. Alternatively they could be 
suspension carbonate sand deposits with sorted sediment source from the storm-agitated 
shelf margin. Laminated calcarenites at the top of some clast-supported breccias may 
have been reworked by bottom-water currents in distributary channels. 
 
4.5 Pelagic and hemipelagic background deposits 
Calcareous shale, lime mudstone, and calcisiltite are the background deposits of 
the upper Dunderberg Formation and Hales Limestone. Calcareous shale with thin lime 
mudstone interbeds (Fig. 24) characterizes the upper Dunderberg Formation and the 
lowermost portion of the Hales Limestone, while lime mudstone and calcisiltite 
dominates the upper part of the Hales Limestone. In between there is an interval that 
consists of a mixture of shale, lime mudstone, and calcisiltite, which show coarsening- 
and thickening-upward cycles expressed by the increase of bed thickness and particle size 
(Fig. 25). Shale, lime mudstone, and calcisiltite are all thinly laminated (< 5 cm) and 
form laterally continuous beds. Occasionally minor erosional bases are observed at the 
base of calcisiltites (e.g., Fig. 24D). 
These facies are interpreted as fallout suspension deposits of hemipelagic and 
pelagic sediments from the overlying water column. The presence of erosional surfaces at 
the base of some calcisiltite beds does not preclude the possibility that some calcisiltites 
were deposited from low-density turbidity currents or were reworked by bottom-water 
currents.   
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4.6 Sequence stratigraphic interpretation 
The sedimentary facies of the Hales Limestone record the development of 
submarine fan systems in slope-basin environments of the Furongian-early Ordovician 
carbonate platform. While carbonate debris flow deposits are present throughout the 
Hales Limestone, their abundance may reflect the progradation-retrogradation history of 
the adjacent carbonate platform margin. When the carbonate shelf was exposed and sea-
level was below the shelf margin, shelf-margin and upper slope sediments were more 
unstable and were more likely transported into lower slope-basin environments, forming 
submarine fan systems. Thus submarine fan deposits with distributary channels and thick 
breccia and calcarenite deposits may record relative sea-level fall events that exposed the 
carbonate platform (Sarg, 1988; Yose and Heller, 1989; Hunt and Tucker, 1993; Spence 
and Tucker, 1997; Bosence and Wilson, 2003). 
Based on the abundance of debris-flow breccias, calcarenites and calciturbidites, 
and the overall changes in the background facies (increase of calcisiltites), two sequence 
boundaries are identified, at the base of breccia unit CB-2 and also at the base of breccia 
unit CB-5, respectively (Figs. 8, 9, 14 and 17). In both cases, thick and laterally 
discontinuous breccias, as well as an abundance of calciturbidite and calcarenite indicate 
the development of submarine channels. The presence of large clasts, ooids, and shallow-
water bioclasts in breccias is consistent with their interpretation as lowstand systems tract 
(LST) deposits above a major sequence boundary (Spence and Tucker, 1997). 
A sequence stratigraphic interpretation of detrital carbonates from the Hales 
Limestone is provided in Figure 26. During sea-level highstand (Fig. 26A), carbonate 
production on the shelf margin may be enhanced, and fine-grained carbonates are shed 
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off the platform and deposited in slope-basin environments (Schlager et al., 1994). Fine-
grained lime mudstone and calcisiltite dominate the slope-basin deposits. Seismicity- or 
storm-derived coarse (breccias) and fine (sand) grained debris flow deposits are present, 
but they should have low abundance. During the falling stage of sea-level, progradation 
of the shelf margin towards the basin lead to the increase of debris flow carbonate 
deposits in slope-basin environments (Fig. 26B). During the lowstand when sea level falls 
below the shelf margin (Fig. 26C), exposed shelf sediments and slope-derived slumps, 
slides and debris-flow carbonates are efficiently transported into the lower slope and 
basinal environments. Submarine fan systems with distributary channels are well 
developed. Sedimentary facies deposited during this time interval contain abundant 
debris flow breccias, massive calcarenites, and calciturbidites. Subsequent sea-level rise 
during transgression (Fig. 26D) causes retrogradation of the shelf margin and sediment 
starvation in the slope and basin. Detrital carbonates including calciturbidite, calcarenite, 
and debris flow breccias may still occur during major seismicity and storm event, but 
they should have the least abundant occurrence. Sediments deposited during this time 












5.1 Sequence stratigraphy and detrital carbonates 
Carbonate depositional systems are sensitive to sea level changes (Kendall and 
Schlager, 1981). Some studies have demonstrated that deposition of detrital carbonates is 
concentrated during sea-level lowstand (Yose and Heller, 1989; Masetti et al., 1991; 
Coniglio and Dix, 1992; Handford and Loucks, 1993; Tucker et al., 1993; Bosence and 
Wilson, 2003; Payros and Pujalte, 2008). During sea-level lowstand, the exposed and 
lithified platform margin is weakened by physical and chemical processes, leading to 
significant erosion and downslope resedimentation of sediments in slope-basinal 
environments, mostly driven by gravity flows (Walker and James, 1992). For example, 
the late Triassic Apulia Platform in southern Italy witnessed catastrophic collapse of the 
shelf margin/upper slope and deposition of megabreccias in the basin during high-
frequency sea-level lowstand (Masetti et al., 1991). Yose and Heller (1989) suggested 
that gravity-flow deposits of the Cerro Gordo Spring Formation match with the maximum 
rate of sea-level fall, when the outer shelf shoaled and prograded towards the basin. Some 
other studies, however, showed that sea-level rises could also cause slope erosion if 
carbonate production maximizes to trigger the slope instability (Handford and Loucks, 
1993).  
Detrital carbonates from the Hales Limestone have been interpreted as lowstand 
deposits (Cook, 1988; Cook et al., 1989; Cook and Taylor, 1991; Osleger and Read, 
1993), but the sequence stratigraphic correlation between deep- and shallow-water 
! #"!
successions remains elusive. Here I use the conodont and trilobite biostratigraphic 
controls to evaluate whether the sea-level change history recorded in the shelf 
successions is consistent with that documented from the Hales Limestone. 
Three conodont biozones, including Proconodontus, Eoconodontus, and 
Cordylodus proavus, and five subzones, including Proconodontus muelleri, 
Eoconodontus notchpeakensis, Cambrooistodus minutus, Hirsutodontus hirsutus, and 
Fryxellodontus inornatus, have been documented from the Hales Limestone (Fig. 27; 
Taylor, 1976; Cook and Taylor, 1977; Taylor et al., 1989), although the exact location of 
the boundary between Hirsutodontus hirsutus and Fryxellodontus inornatus subzones is 
uncertain due to its occurrence in a megabreccia. These conodont biozones and subzones 
are roughly correlatable with those from the shallow-water platform succession in the 
Egan Range, central Nevada (Figs. 27 and 28; Taylor, 1977; Taylor et al., 1989).  
In the shallow-water succession of the central Egan Range, the Whipple Cave 
Formation is dominated by microbialites, stromatolites, and bioclastic-peloidal 
packstones and grainstones (Cook and Taylor, 1977; Taylor et al., 1989). A potential 
sequence boundary expressed by conglomeratic lag deposits within oolitic/peloidal 
grainstones and by the presence of stromatolite bioherms was noted at 67 meters of the 
section, at the uppermost part of the Eoconodontus notchpeakensis subzone (Fig. 28; 
Taylor et al., 1989). Another sequence boundary marked by the occurrence of a sharp, 
low-relief erosional surface was documented at 132 m of the section, near the base of the 
Hirsutodontus hirsutus subzone (Fig. 28; Taylor et al., 1989).  
 Within a biostratigraphic framework, the two sequence boundaries identified 
from the Whipple Cave Formation in the shelf margin section seem to be correlatable 
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with those identified from the Hales Limestone (Fig. 28). This implies that the thick 
debris-flow breccias of the Hales Limestone were mostly deposited during sea-level 
lowstand when the shelf margin was largely exposed (Fig. 28). Some breccia layers, 
however, should have been deposited during transgression and sea-level highstand, 
although they are much thinner and less abundant compared with those from the lowstand 
(Fig. 28). 
 
5.2 Detrital carbonate deposits and sea-level history 
 Miller et al. (2003) conducted a detailed sequence stratigraphic study of the 
Furongian-early Ordovician succession in western Utah and generated a sea-level change 
curve for the time interval from about 493 Ma to 485 Ma (Fig. 29). They identified ten 
sequences from the Notch Peak Formation and basal House Limestone. Among those, the 
sequence boundaries at the base of sequence 5 and sequence 7 were considered as 
recording the maximum sea-level fall events during the latest Cambrian. Conodont 
biostratigraphic study in this succession indicated that the sequence boundary at the base 
of sequence 5 is located near the transition from the Proconodontus muelleri subzone to 
Eoconodontus notchpeakensis subzone, and the sequence boundary at the base of 
sequence 7 is located at the beginning of the Hirsutodontus hirsutus subzone (Fig. 29; 
Miller et al., 2003). Within the biostratigraphic constraints, these sequence boundaries 
match well with the two sequence boundaries and massive debris flow carbonate deposits 
identified from the Hales Limestone in the slope-basin (Fig. 29). Should this correlation 
be correct, it seems that the majority of thick detrital carbonate deposits in the slope-basin 
were deposited during the maximum sea-level fall events, which is consistent with the 
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conclusion drawn from the correlation between shelf margin and slope-basin successions 
(Fig. 28). 
 However, there are many more sequences identified in the shelf section than from 
the Hales Limestone (Fig. 29). In particular, the significant sea-level fall events 
documented at the base of the Proconodontus muelleri and Fryxellodontus inornatus 
subzones, are not well recognized in the Hales Limestone. It is possible that the sequence 
boundary at the base of the Proconodontus muelleri subzone is correlatable with the first 
breccia interval (CB-1, Figs. 8, 9, and 12) of the Hales Limestone, and the sequence 
boundary at the base of the Fryxellodontus inornatus subzone can be correlated with the 
base of the megabreccias of the Hales Limestone. Other sequences identified from the 
shelf section may record local events that may not have basin-scale significance, 
considering the fact that during middle-late Cambrian, the development and reactivation 
of the “House Range Embayment” in western Utah may have had an important impact on 
the stratigraphic pattern in this region (Rees, 1986; Howley and Jiang, 2010). 
   
5.3 Furongian glacio-eustasy and detrital carbonate deposits  
 The Furongian has been hypothesized to have had high atmospheric pCO2 (ca. > 
3000 ppm; Berner and Kothvala, 2001) and a much warmer climate than today. Such 
climate conditions may have prevented the development of continental ice sheets and 
thus limited glacio-eustatic sea-level changes. The shelf-basin sequence stratigraphic 
correlation seem to support the opposite: exposure surfaces in the shelf and detrital 
carbonate deposits in the slope and basin were mainly controlled by relative sea-level 
changes. To further test whether these sea-level changes had global significance, I 
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compared the carbon and oxygen isotopes of the Hales Limestone (Fig. 30) with the 
global sea-level curve (Haq and Schutter, 2008). Correlation was based on the age 
constraints provided by Haq and Schutter (2008), whereas in the Hales Limestone and 
Whipple Cave Formation, the ages were derived from the biostratigraphic data 
(references), with additional age contraints from carbon isotope data (Saltzman, 2005). 
 Carbon isotopic data (!13Ccarb) from late Cambrian successions reveal a large 
positive !13Ccarb excursion (up to +5‰). This isotope excursion coincides with a global 
oceanographic event and has been referred to as the Steptoean Positive Carbon Isotope 
Excursion (SPICE; Saltzman et al., 1998; 2000; 2004). The SPICE event has been 
interpreted as resulting from enhanced burial of organic carbon and pyrites. Because 
organic carbon is mostly from photosynthetic carbon fixation utilizing aqueous and 
atmospheric CO2, the burial of a large quantity of photosynthetic organic matter into 
sediments would significantly lower the abundance of atmospheric CO2 and cause global 
cooling. Therefore, it is predicted that after the SPICE event, the global temperature 
would be much lower, potentially causing a global sea-level fall. 
 The !13C and !18O data from the uppermost Dunderberg Formation and the Hales 
Limestone covers the Elvinia zone through the Cambrian and Ordovician boundary, and 
extending to the Early Ordovician Missisquoaia zone (Fig. 30). !13C values range from -
1.63 ‰ to +2.36 ‰, whereas !18O values range from -15.23 ‰ to -10.72 ‰ (Fig. 29). 
The !13C trend starts at the highest peak in the lower part of the section, shifts to lower 
and higher values in the middle part, within Hedinaspis and lowermost Saukia zone, 
followed by a steady increase in the upper part of the Saukia and lower Missisquoaia 
biozones (Fig. 30). The !18O trend starts with steadily increasing values near the bottom, 
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continuing across the boundary between the Elvinia and Hedinaspis  biozones, then it 
slowly decreases to lower values in the middle Hedinaspis zone, followed by a slight 
increase towards Cambrian-Ordovician boundary and the rest of the section (Fig. 30).  
The carbon isotope data from the deep-water Hales Limestone is consistent with 
those documented from the shallow-water Whipple Cave Formation in the southern Egan 
Range of central Nevada (Saltzman, 2005). Most of the Hales Limestone post-dates the 
SPICE event (Fig. 30). There is a 1-2‰ carbon isotopic gradient observed between the 
shelf and slope sections, with lower values recorded in the deep-water section, but the 
overall !13C trends match with each other.  
 With !13C as a background, oxygen isotope data from the Hales Limestone show 
a parallel trend with the suggested global sea level curve estimated by Haq and Schutter 
(2008). Although the absolute !18O values must have been modified during burial 
diagenesis, the temporal !18O trend may have retained its original signal since the entire 
Hales Limestone should have had a similar burial history (e.g., Elrick et al., 2011). 
Interestingly, a positive shift in !18O following the SPICE event coincides with a largest 
sea-level fall event documented through the late Cambrian-early Ordovician. This seems 
to support a causal link between the carbon isotope excursion, global cooling, and sea-
level fall. In addition, the two sequence boundaries identified from the Hales Limestone 
also occur at the interval of high !18O values and low global sea level (Fig. 30). This 
phenomenon suggests that the SPICE event may have served as a major trigger for global 
cooling and potential development of continental ice sheets from the latest Cambrian 
through early Ordovician. Thus the deposition of detrital carbonates in the Hales 
Limestone could be potentially controlled by glacial eustatic sea level changes. 
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5.4. Diagenetic history 
Coarse-grained, deep-water, carbonate gravity-flow deposits are recognized as an 
important and attractive reservoir for hydrocarbon (Mullins and Cook, 1986; Flugel, 
2004; Payros and Pujalte, 2008; and Loucks et al., 2011). These redeposited facies have 
high diagenetic potential, which may enhance or reduce porosity and permeability (e.g., 
Anselmetti et al., 1998; Savary and Ferry, 2004). Petrographic studies of the Hales 
Limestone show evidence of prolonged post-depositional diagenesis. I used the blue-
epoxy-impregnation technique to quantify porosity, which revealed that pore space of 
these rocks is largely occupied by carbonate cements (Fig. 31). Thus the remaining 
sedimentary porosity of the Hales Limestone is minor. 
Cementation and mechanical compaction are observed in thin sections. 
Intergranular pore space is filled with isopachous and blocky calcite, which leads to a 
substantial decrease in porosity. Isopachous cements nucleate surrounding carbonate 
particles; they were possibly formed during early diagenetic stages. Blocky calcite 
cements fill the majority of pore space; they were probably formed during late burial 
stages (Fig. 31B). The rocks are mostly recrystallized to some degree and have vertical 
fractures indicating deep burial (Fig. 31A). Mechanical compaction is a common feature 
observed in thin sections. Stylolites are common, and they indicate pressure dissolution 
along bedding planes (Tucker and Wright, 1990). Late burial diagenetic blocky calcites 
are seen to cross cut the stylolites (Fig. 31C and D), indicating a deep burial history. 
Stylolites may enhance or reduce reservoir quality, but their occurrence is volumetrically 






Detrital carbonates of the Hales Limestone in central Nevada show significant 
lateral variations within tens to hundreds of meters. Such facies variations suggest their 
deposition in a submarine fan system with well-developed distributary channels. Thick 
debris-flow carbonate breccias consist of large clasts derived from shallow-water 
platform and slope, suggesting that they were deposited during platform progradation and 
exposure. Sequence and biostratigraphic correlation demonstrates that thick breccia units 
of the Hales Limestone match well with the exposure surfaces documented in shelf 
sections. This indicates that the major detrital carbonate units in slope and basinal 
environments of the Furongian-early Ordovician platform were deposited during sea-
level fall events. Detrital carbonates may have also been deposited during transgression 
and sea-level highstand, but they are much less abundant and individual beds are thinner.  
Carbon isotope data of the Hales Limestone show a temporal !13C trends 
comparable with that from the shallow-water succession. A 1-2‰ !13Ccarb gradient 
between the shallow and deep-water sections is observed, which is similar to the 
magnitude of !13C variations in the modern ocean. Absolute oxygen isotope (!18O) values 
have been modified during burial diagenesis, but their primary temporal trend may have 
been preserved. A 3‰ increase in !18O is observed in the lower part of the Hales 
Limestone, suggesting a significant global cooling event following the Steptoean Positive 
Carbon Isotope Excursion (SPICE). Interestingly, this “cooling” event coincides with the 
major sea-level fall documented in the global sea-level change curve. This coincidence 
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may record development of continental ice sheets during the latest Cambrian-Ordovician 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 1. Vertical stacking patterns of detrital carbonates in a sequence stratigraphic 
framework (after Eberli, 1991), assuming sea-level change is the main control of detrital 
carbonate deposits. In this model, detrital carbonates are mainly deposited during the sea-
level lowstand, but thickening- and coarsening-upward trends are expected during sea-
level highstand, as carbonate deposition progrades towards the basin. In addition, 
smaller-scale cycles within sequences may contain thinning- and fining-upward trends as 
illustrated in the right panel, where the lowstand systems tract (LST) deposits are overlain 



























































Figure 2. Furongian (late Cambrian) paleogeographic map of Laurentia (modified from 
Osleger and Read, 1991). The inset is the projection of global paleogeography during 



























Figure 3. Generalized shelf-to-basin cross section of the late Cambrian - early Ordovician 
carbonate platform from western Utah to central Nevada. This study focuses on the Hales 
Limestone, which has been interpreted as having been deposited in slope-to-basinal 
environments of a distally steepened carbonate ramp (modified after Cook and Corboy, 










































Figure 4. The study area is located at Tybo Canyon in the Hot Creek Range of central 
Nevada. It is approximately 60 kilometers northeast of Tonopah via Highway 6. 
Abbreviations: AD: Arch Dome; TR: Toquima Range; MR: Monitor Range; AR: 
Antelope Range; HCR: Hot Creek Range; PR: Park Range; ND: Needle Range; WPR: 

























































Figure 5. Topographic and geologic map of Tybo Canyon, Hot Creek Range, central 
Nevada (modified after Quinlivan and Rogers, 1974; Google Earth, 2012). Location of 
measured sections is highlighted in the yellow box. Measured sections cover the topmost 






































































































































































































































Figure 7. Furongian to early Ordovician stratigraphic units and biostratigraphy in central 
Nevada (Taylor, 1976; Cook and Taylor, 1977; Cook et al., 1989; Osleger and Read, 
1991; and Miller et al., 2003). This study focused mainly on the lower to middle part of 
the Hales Limestone (upper Pterochepaliid, Ptychaspid, and lower Symphisurinid 







































































































































































































































































































































































































































































































































































Figure 11. Field, slab, and petrographic photographs of clast-supported breccia facies. 
(A), (C), and (D) are outcrop examples of clast-supported carbonate breccia within the 
interval of 38 m, 91 m, and 55 m in section TY-3, respectively. Clast-imbrication in (A) 
suggests paleocurrent direction towards west (left); (B) polished slab of a clast-supported 
breccia. Inter-clast pore space is mostly filled by calcarenite and cements, suggesting the 
bypass of mud in subaqueous distributary channels; (E) thin section photomicrograph of 
carbonate breccia showing composition of inter-clast matrix including bioclastic 
fragments of trilobites, corals and algae. Plane polarized view; (F) Polished slab of clast-
supported breccia at 55 m, section TY-3. Scales: A (Ruler: 10 cm); D (Rock hammer: 


































Figure 12. Field, slab, and petrographic photographs of mud-supported breccia facies. (A) 
and (C) are mud-supported carbonate breccia at 101 m and 106 m, respectively, showing 
unsorted and disorganized texture, with some clasts larger than 5 cm; (B) Thin section 
photomicrograph of a mud-supported breccia, showing clast composition of bioclasts, 
such as algae, corals, and pellets. Plane polarized light; (D) Polished slab of mud-
supported breccia. Note that polymict clasts floating among matrix of calcareous 































Figure 13. Lateral facies variation of carbonate breccia unit 1 (CB-1) at 38 m (section 
TY-3), Hales Limestone in Tybo Canyon (Figs. 8 and 9). Breccia layers are intercalated 





















Figure 14. Lateral tracing of carbonate breccia unit 2 (CB-2) of the Hales Limestone 
(Figs. 8 and 9). The breccias are highly variable within a walkable distance. Breccia 















































Figure 15. Field photo of carbonate breccia unit 2 (CB-2) interbedded with calcarenite 
and calcisiltite. Breccia layers truncate calcarenite/calcisiltite beds and underlying 
























Figure 16. Field photo showing interbedded carbonate breccia unit 4 (CB-4) and 

















Figure 17. Lateral facies variation of mud-supported carbonate breccia unit 5 (CB-5) in 
the middle part of the Hales Limestone. Note that breccia units pinch out within the 


























Figure 18. Field photographs of slumps and slide blocks. (A) Photomosaic of a slumped 
interval at 127 m of section TY-3. Partial brecciation is seen at the base of the slump and 
along the fold axes; (B) and (C) Large folds with sub-horizontal axes within slump 
sheets. Laterally these folds disappear along the decollement surfaces and form isolated 


























































Figure 19. Field photographs of megabreccias. (A) and (B) Massive megabreccias with 
large clasts up to 3 m. Clast composition includes calcisiltite, lime mudstone and 
calcarenites, which are identical to the underlying undeformed layers; (C) and (E) Closer 
view of the megabreccias. Clasts are angular, unsorted, and compositionally similar to the 
underlying layers; (D) Erosional contact between megabreccias and its underlying 
unbreeciated layers. Scales: C and D (Lens cap: 5.5 cm of diameter); A, B, and E (Rock 





































Figure 20. Photomosaic and interpretation of slumps observed in the upper part of the 
Hales Limestone. Highly deformed slump folds have sub-vertical to sub-horizontal axes. 
The front of the slump is partially brecciated and is transitional to megabreccias (20 m 













































Figure 21. Field, slab, and petrographic photographs of calciturbidites. (A) Thinly bedded 
calciturbidites within fine-grained calcisiltite background deposits. Turbidites show 
graded bedding and in some cases parallel lamination at the top; (B) Polished slab 
showing wavy laminations (lower portion) of a calciturbidite followed by graded bedding 
of the next turbidite (upper part); (C) Thin section photomicrograph of calcarenite portion 
of a calciturbidite, showing clast composition dominated by peloids and bioclasts; (D) 
Incomplete Bouma sequence of calciturbidites showing parallel lamination (Tb); graded 
bedding (Ta), parallel lamination (Tb), and wavy lamination (Tc); (E) Calciturbidites 
showing graded bedding (Ta) followed by parallel lamination (Tb). Scales: A (Pencil: 
































Figure 22. Additional examples of calciturbidites with incomplete Bouma sequence. (A) 
Calciturbidite with only Bouma sequence division Ta (graded bedding) interbedded with 
fine-grained calcisiltites; (B) Polished slab showing weakly graded calcarenites 
interbedded with calcisiltite and lime mudstone (Te?); (C) Calciturbidites showing 
largely graded bedding (Ta) and faint parallel lamination (Tb); (D) Thin section view of 
the erosional base of a calciturbidite. Clast composition includes bioclasts (c) and peloids 
(p), with significant amount of micritic matrix that is partially recrystallized (ca). Plane 


















































Figure 23. Field and thin section photographs of calcarenite facies, distinguishable from 
calciturbidites by the lack of graded bedding. (A) Massive calcarenite at 35 m from 
section TY-3, showing erosional contact with underlying calcisiltite (red arrows); (B) 
Laminated calcarenite without grain size change. Lenticular bedding in the middle part of 
the photo is possibly caused by chertification and compaction surrounding chert nodules; 
(C) and (E) Cross-bedded calcarenite within calcisiltite background. Lenticular shape of 
calcarenite may be formed by differential compaction; (D) Cross-bedded calcarenite at 
the top of imbricated breccias; (F) Thin section of a cross-bedded calcarenite showing 
peloids and bioclasts as the major composition. Plane polarized light. Scales: D and E 


























Figure 24. Field and thin section photographs of calcareous shale and lime mudstone. (A) 
Intercalation of calcareous shale and lime mudstone from the upper Dunderberg 
Formation, lower Elvinia zone; (B) Local occurrence of nodular limestone embedded in 
shale; (C) and (D) Thin section photomicrographs of lime mudstone, composed of 
predominantly micrite with partial recrystallization. (C) Thin lamination (L: Laminae; < 
0.1 mm thick) observed in thin section; (D) Minor erosional contact between calcisiltite 










































Figure 25. Field and thin section photographs of calcisiltite and calcareous shale. (A) 
Thinly-bedded calcisiltite (1-15 cm) and calcareous shale (< 2 cm); (B) A coarsening- 
and thickening-upward cycle expressed by the increase of grain size and thickness of 
calcisiltite; (C) Thin section photomicrograph of calcisiltite, showing a significant 
amount of sand-sized bioclasts and peloids. Plane polarized light; (D) Laterally 
continuous calcisiltite and lime mudstone showing an upward increase in calcisiltite and 































































Figure 26. Sequence stratigraphic interpretation of detrital carbonates from the Hales 
Limestone. (A) Deposition of Highstand Systems Tract (HST). During sea-level 
highstand, high carbonate production leads to shelf margin progradation and fine-grained 
carbonates are shed off the platform and deposited in slope-basin environments. Lime 
mudstone and calcisiltite dominate the slope-basin deposits. Debris flow carbonates may 
be present but are not abundant. (B) Deposition of Falling Stage Systems Tract (FSST). 
During the falling stage of sea level, shelf margin progradation may lead to the increase 
of debris flow deposits in slope-basin environments. (C) Deposition of Lowstand Systems 
Tract (LST). During the sea-level lowstand, exposed shelf sediments and slope-derived 
slumps, slides and debris-flow carbonates are efficiently transported into the basin. 
Submarine fan systems with distributary channels are well developed. Sedimentary facies 
contain abundant debris flow breccias, massive calcarenites, and calciturbidites. (D) 
Deposition of Transgressive Systems Tract (TST). Sea-level rise during transgression 
causes retrogradation of the shelf margin and sediment starvation in the slope and basin. 
Detrital carbonates may be present but should be rare. Sedimentary facies are dominated 



























































Figure 27. Distribution of conodonts (Cook et al., 1989) and trilobites (Taylor, 1976) in 
Tybo Canyon of the Hot Creek Range, central Nevada. Gray bars mark the stratigraphic 

















































Figure 28. Conodont biostratigraphic correlation of the Hales Limestone with the 
platform section in Egan Range, central Nevada (Taylor et al., 1989). Exposure surfaces 
at the base of the Eoconodontus notchpeakensis zone and the base of the Hirsutodontus 
hirsutus zone in the shelf-margin succession seem to be correlatable with the sequence 







































Figure 29. Conodont biostratigraphic correlation between the Hales Limestone and the 
Furongian-early Ordovician succession in western Utah. Eight sequence boundaries have 
been reported from the Notch Peak Formation in western Utah (Miller et al., 2003). 
Among these, the sequence boundaries at the base of sequence 5 and 7 were thought to 
record the most prominent sea-level fall events. They are biostratigraphically correlatable 
with the most significant detrital carbonate units of the Hales Limestone. Abbreviations: 
RTM: Red Tops Member; SZ: Symphysurina Zone; MZ: Missisquoaia Zone; EAZ: 































































































































































































































































































































































































































































Figure 31. Thin section photomicrographs showing examples of diagenetic features 
observed in the Hales Limestone. (A) Calcite-filled vein crosscut microcrystalline 
carbonate matrix, indicator of late diagenetic processes; (B) Isopachous calcite cements 
and later diagenetic blocky fill intergranular porosity; (C) and (D) examples of stylolites. 
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